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Fibroblasts are present in virtually all the organs and tissues.  They are known to 
exhibit pluripotency and have a key role in the development, the growth, and repair of 
normal tissues.  Interestingly, fibroblasts express L-type voltage-sensitive calcium 
channels.  Recent study has demonstrated that electrical stimulation of embryonic stem 
(ES) cells induced neuron specific Tuj1positive cells, thereforeI hypothesized that 
electrical stimulation of fibroblasts may lead to neuron-like differentiation as well as in 
ES cells.  Electric pulse stimulation (EPS) of 20 V with a pulse duration of 2 msec at a 
frequency of 1 Hz for more than I h up to 24 h successfully introduced Ca2+ influx into 
NIH3T3 fibroblasts as detected by Fluo4-AM calcium imaging, which was totally 
inhibited by L-type Ca2+ channel inhibitor, verapamil.  Interestingly, a remarkable 
expression of neuron specific microtubule associated protein 2 (MAP2) and 
CNS-specific N-methyl-D-aspartate (NMDA) receptor mRNA in the fibroblasts after 24 
h EPS was demonstrated by RT-PCR.  Verapamil treatment during EPS totally 
abrogated the EPS-induced MAP2 and NMDA receptor mRNA expression.  
Furthermore I detected the function of NMDA receptor of fibroblasts.  Stimulation of 
NMDA receptor agonist NMDA induced Ca2+ influx into fibroblasts.  To the best of 
our knowledge, this is the first report showing that electric pulse is able to induce 
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sustained Ca2+ influx via L-type Ca2+channel in non-excitatory fibroblast, which further 
lead to the expression CNS-specific NMDA glutamate receptor. 
 
Introduction 
Fibroblasts are present in virtually all the organs and tissues.  Fibroblasts have a 
key role in the development, the growth, and repair of normal tissues (Powell et al. 
1999; Tomasek et al. 2002; Hinz 2007).  They are noted for their extra-cellular matrix 
(ECM) production, as they synthesize large amount of collagen, fibronectin and laminin 
(Powell et al. 1999).  ECM may serve as a cradle or a platform of young immature 
cells to differentiate.  Fibroblasts also express and secrete cytokines and growth factors 
(Powell et al. 1999), which allow them to modulate their environment through paracrine 
signaling to support tissue growth and repair (Powell et al. 1999; Tomasek et al. 2002; 
Hinz 2007).  
Recently, several studies have demonstrated that mouse fibroblast cell line have 
osteoblastic potential (Shui et al. 2002; Abdallah 2006).  And, Rajasingh et al (2008) 
showed that treatment of NIH3T3 fibroblasts with embryonic stem cell extract induced 
multipotency.  Therefore, fibroblasts of adults may potentially contribute in tissue 
repair by differentiating into cells of multiple lineages that correspond to the tissue 
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milieu. 
Interestingly, Yamada et al (2007) have demonstrated that they could induce 
neuronal cells from embryonic stem (ES) cells by electrical stimulation.  Electrical 
stimulation of ES cells induced neuron specific Tuj1 positive cells.  Since fibroblasts 
are found to express L-type voltage dependent Ca2+ channels (Davidson and Guo 2000; 
Westenbroek et al. 2004), they may have apotential to respond to ES cells by 
introducing Ca2+ influx.  Therefore, I hypothesized that electrical stimulation of 
fibroblasts may lead to neuron-like differentiation as well as in ES cells. 
There areonly a few studieswhich examined the effect of electric pulse stimulation 
(EPS) in vitro cellsfor protein and mRNA expression. Yamada et al (2007) delivered 
electrical stimulation at 5, 10, 20 Volts(V) to induce neuron specific Tuj1 positive cells.  
Bito et al. (1996) showed  in neuron that 5Hz electrical stimulation induced 
phosphorylation of cAMP-responsive element binding protein (CREB) which is 
regulated Ca2+ influx (Dash et al. 1991; Sheng et al. 1990; Bading et al. 1993; 
Deisseroth et al. 1996).  In case of myotubes, 40 V, 1 Hz EPS induced oscillation of 
intracellular Ca2+ concentration, and 40 V, 10 Hz EPS induced non-oscillatory increase 
in Ca2+ influx (Fujita et al. 1997). 
I reported for the first time, the effectiveness of EPS to inducing neuron-like cells 
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from cultured NIH3T3 fibroblasts. 
 
MATERIALS AND METHODS 
Animals 
This study was performed according to the Guidelines and Regulations for 
Laboratory Animal Care of Tohoku University Graduate School of Medicine.  Normal 
male mice (C57BL/6CR, 6 weeks old) were housed in a cage at a controlled 
temperature of 20–23oC under a 12 : 12 h light–dark cycle.  The mice were 
anesthetized by an intraperitoneal injection of pentobarbital sodium at 50 mg/kg body 
mass, and then the whole brain was rapidly isolated. 
 
Cell line and culture conditions.  
The NIH3T3 (TKG0297) mouse fibroblast cell line was obtained from Cell 
Resource Center for Biomedical Resarch, Institute of Development, Aging and Cancer 
Tohoku University(Miyagi, Japan).  NIH3T3 cells were grown on 8-well plates (BD 
Biosciences, San Jose, CA) for RT-PCR and western blotting or on 35-mm glass 
-bottomed dishes (Matsunami glass ind., Osaka, Japan) for calcium imaging in 10% 
FBS (Gibco, Carlsbad, CA) in Dulbecco’s modified Eagle’s medium (Sigma, St. Louis, 
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MO).  Mouse neuro2acells were obtained from Health Science Research Resources 
Bank (HSRRB, Osaka, Japan). 
 
Electrical Cell Stimulation 
From 24 h to 72 h EPS was applied to the cells in the C-Dishes (IonOptix, Milton, 
MA) using a C-Pace pulse generator (C-Pace 100; IonOptix).  The stimulator was set 
at a pulse voltage of 20 V, pulse frequency of 1 Hz, pulse duration of 2 ms, pulse train  
of 115 min, and 5 min of rest, as described previously (Bitoet al. 1996; Yamada et al. 
2007; Fujita et al. 2007).  The cells in C-Dishes were maintained in a 5% CO2 
incubator at 37°C.  During 1 h intracellular Ca2+visualization, electric pulses (1 Hz, 2 
ms pulse duration) were applied using a MyoPacer (Field Stimulator; IonOptix). 
 
Reagents. 
NIH3T3 cells were treated with the phenylkylamines calcium channel blocker 
verapamil (concentration, 10-5 M; Molecular Probes, Eugene, OR) which binds 
specifically to the α1-subunit of the L-type calcium channel.  NMDA receptor agonist 
NMDA (concentration, 300µM) was from Sigma. 
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RNA preparation and semi-quantitative reverse transcriptase (RT)-PCR 
Total RNA was extracted from cells using Trizol Reagent (Molecular Probes), in 
accrdance with the manufacturer's instructions. Extracted total RNA (1 µg in each 20 µl 
sample) was subjected to reverse transcription reaction to obtain cDNA using an RT Kit 
ReverTra Dash (TOYOBO, Osaka, Japan). A cDNA template, 1 or 2 µl in a total 
volume of24 or 25µl containing Platinum Taq DNA polymerase (Invitrogen, Frederick, 
MD) was amplified by PCR under the following condition: 94oC for 30 s, 55oC for 1 
min, and 72oC for 1min.  PCR amplicons were selected at different cycles and 
compared to ensure that the amplifications were within the linear range.  The PCR 
products were separated by 2% agarose gel electrophoresis, stained with ethidium 
bromide, and visualized with a UV transilluminator.  The primer sequences used are 
shown in Table 1.  Since, the NMDA receptors a complex consisting of two obligatory 
NR1 subunits, whitch have eight splice variants, and up to two of four NR2 subunits 
(NR2A–NR2D) and according to the development and activity, the component of 
NMDA receptor complexes changes but NR1 subunit is expressed invariably (van 





Cells were incubated at 37oC in the dark for 20 min in the presence of 2.5 μM 
Fluo4-AM (Dojindo Laboratories, Kumamoto, Japan) in 0.1% dimethylsulfoxide in 
DMEM.  Excitation at 488 nm and image acquisition was performed with a confocal 
microscope (Fluoview1000; Olympus, Tokyo, Japan).  Experiments were performed at 
room temperature.  
 
RESULTS 
EPS induced an increase in intracellular Ca2+ concentration via L-type voltage 
dependent calcium channels. 
Iconfirmed thatnaïve NIH3T3 fibroblasts express L-type voltage-dependent 
calcium channel mRNA in by RT-PCR analysis (Fig. 1).  Using cells loaded with the 
Ca2+ indicator Fluo-4 AM, we found that EPS induced an gently increase in intracellular 
Ca2+ concentration, as indicated by the increase in Fluo-4 AM intensity in NIH3T3 cells 
(Fig.2A).  This pattern of increase in intracellular Ca2+ concentration differs from 
excitatory cells.  One hour of EPS did not induce morphological alterations (Fig. 2A),  
but continuation of EPS up to 24 h induced cellular swelling (Fig. 2B).  The calcium 
channel blocker verapamil, which binds specifically to the α1-subunit of the L-type 
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calcium channel, completely disrupted both EPS-induced increases in intracellular Ca2+ 
and swelling (Fig. 2B).   
 
Expression of central nervous system (CNS)-specific NMDA glutamate receptor mRNA 
was detected by semi-quantitative RT-PCR 
I tried various conditions of EPS.  The stimulator was set atpulse frequency of 1, 
5, 10 Hz and a pulse voltage of 10, 20, 40 V for 24 h, so that 5, 10Hz and 40V 
stimulation revealed that cells are damaged to some extent (Supplementary Fig. 1). 
I found that pulse voltage of 20 V, pulse frequency of 1Hz, pulse duration of 2 ms, 
pulse train  of 115 min, and 5 min of rest EPS for 24 h induced the expression of 
neuron specific MAP2and central nervous system (CNS)-specific, NMDA receptor 
mRNA in NIH3T3 fibroblasts.  Other neuron specific Tuj1 mRNA was poorly induced 
(Fig.3).  To examine whether the expression of MAP2 and NMDA receptor mRNA is 
dependent on calcium signaling, I examined the effects of treatment with verapaml.  
Treatment with 10-5 M verapamil under conditions of 24 h of EPS blocked the 
expression of MAP2 and NMDA receptor mRNA (Fig. 3).  Pulse voltage of 10 V for 24 
h stimulation poorly induced NMDA receptor mRNA (Supplementary Fig. 2). 
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In EPS stimulated NIH3T3 fibroblast, NMDA receptor agonist ‘NMDA’ induced an 
increase intracellular Ca2+ 
To investigate the function of EPS induced NMDA receptor in NIH3T3 fibroblast, I 
examined the effects of treatment with NMDA.  Using cells loaded with the Fluo-4 
AM, we found that treatment with 300 μM NMDA under conditions of 24 h rest 
following 72 h EPS induced an increase in intracellular Ca2+.  And morphological 
alterations such as cell to cell contact different from naïve fibroblast were also observed 
(Fig.4).   
 
DISCUSSION 
In this study I have demonstrated for the first time that 24 h continuous delivery of 
EPS at 20 V and 1 Hz to non-excitatory NIH3T3 fibroblasts inducedCa2+ influx, which 
induced the expression ofneuron specific MAP2 mRNA and CNS-specific NMDA 
receptor mRNA.  We confirmed that addition of NMDA receptor agonist to electrically 
stimulated NIH3T3 cells effectively induced Ca2+ influx, suggesting NMDA receptors 
on the electrically stimulatedNIH3T3 cells are functional.  
Microtubule-associated protein 2 (MAP2) is involved in maintaining the structural 
integrity of the neuronal cytoskeleton (Dawson and Hallenbeck, 1996).  Although 
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neuron specific beta-III tubulin Tuj1 mRNA was not detected, EPS treatment for 24 h 
induced a morphological change of the cultured fibroblasts characterized by projection 
of neuron-like processes.  There is no direct evidence that MAP2 mRNA expression is 
associated with the rearrangement of the cytoskeleton on NIH3T3 cells, but I suggest 
sustained EPS to fibroblasts may partially support neuronal differentiation. 
In this study, I successfully induced functional NMDA receptor in NIH3T3 
fibroblast.  But the mode of reaction to NMDA receptor agonist differed from that of 
excitatory cells such as neurons. NMDA receptor has a dual nature in CNS as a 
mediator of excitotoxic cell death and a mediator of activity-dependent cell survival, 
which likely results from divergent patterns of kinase activation, transcription factor 
activation, and gene expression in neurons (Lee et al. 2005).  Interestingly, the 
activation of NMDA receptors causes depolarizaion, which in turn causes swelling in 
neurons (Isokawa 2005).  Glutamate, at similar concentrations required to induce 
neuronal cell death, has also been shownto increase cell volume in cultured astrocytes 
(Han et al. 2004).  AsNMDA-antagonists significantly decrease seizure-related 
astrocyte swelling in the cerebral cortex (Szakacs et al. 2003), it is likely that cellular 
swelling represents the activity of NMDA glutamate receptors.  Astrocytes have 
neuroprotective effects through glia-specific enzyme glutamine synthases (Muscoli et al. 
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2005; Pertusa et al. 2007).  Fibroblast infiltration after CNS injury such as ischemia or 
trauma is generally considered as to compromise neuronal regeneration and restoration 
(Fernandez and Pallini 1985).  Stimulation of EPS induced NMDA receptor on 
fibroblast by NMDA receptor agonist did not induce fast Ca2+ influx, suggesting that the 
EPS induced change in the function of fibroblast is not comparable to neurons. 
Therefore, EPS induced functional NMDA receptor expressionon the fibroblasts may 
represent their potential neuroprotective function in the wounds, which needs to be 
further confirmed in both in vitro and in vivo studies. 
Previous study showed that EPS to embryoid bodies induced an increase in Ca2+ 
concentration and electrically stimulated embryoid bodies induced neuron specific Tuj1 
positive cells and contributed to the restoration of injured adult spinal cords.  
Treatment with nifedepine, an L-type Ca2+ blocker, and ω-conotoxins, N- and P/Q-type 
blockers, both failed to block Ca2+ influx in the embryoid bodies.  They concluded that 
embryoid bodies express unknown Ca2+ transporters, which mediate Ca2+ influx 
necessary for neuronal cell fate determination (Yamada et al. 2007).  In this study, 
activation of L-type Ca2+ channel of fibroblasts did not induce neuron specific Tuj1 
mRNA. Expression of Tuj1 may be associated with other minor Ca2+ transporters as 
well as in the embryoid bodies.  
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In conclusion, this is the first report showing that electric pulse is able to induce 
sustained Ca2+  influx via L-type Ca2+channel in non-excitatory fibroblast, which 
further lead to the expression CNS-specific NMDA glutamate receptor. 
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Figure legends 
Table1. Primer pairs used for RT-PCR. 
Fig. 1. Expression of L-type voltage-sensitive calcium channel mRNA were detected in 
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untreated NIH3T3 by RT-PCR.  
Fig. 2. Ca2+ influx via L-type calcium-sensitive channel in NIH3T3 fibroblasts.  (A) 
Cells were loaded with the calcium indicator dye Fluo-4 AM.  Confocal image of the 
same field of view of NIH3T3 cells during the experiment for 1h at room temperature 
with EPS. (B) L-type calcium channel blocker verapamil disrupted EPS-induced 
increases in intracellular Ca2+ and swelling. The images shown are from representative 
fields of each sample. (C) The number of nuclei which fluorescence intensities over 
2000 were counted. The means(± SD) of at least three independent experiments are 
shown.  * Singinificantly different (P < 0.01) from the non-EPS and EPS + verapamil. 
N.C., non-countable. 
Fig. 3. Expression of neuron specific MAP2 and CNS-specific NMDA receptor mRNA.  
Neuron specific Tuj1 mRNA poorly induced.  Blockade of calcium signals by 
verapamil disrupted EPS-induced MAP2 and NMDA receptor mRNA expression in 
NIH3T3 cells.  NMDA R, NMDA receptor. 
Fig. 4. NMDA induces an increase in intracellular Ca in EPS stimulated NIH3T3 
fibroblasts. Cells were loaded with the calcium indicator dye Fluo-4 AM.  300 μM 
NMDAwas added to NIH3T3 cells which 24 h restfollowing 72 h EPS were delivered. 
Supplementary Fig.1. Determination of EPS condition.  EPS was delivered at various 
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conditions and cell viability was observed. (A) The stimulator was set at a pulse voltage 
of 20 V, pulse frequency of 1, 5, 10 Hz, pulse duration of 2 ms, pulse train of 115 min, 
and 5 min of rest for 24 h. (B) The stimulator was set at a pulse voltage of 10, 20, 40 V, 
pulse frequency of 1 Hz, pulse duration of 2 ms, pulse train of 115 min, and 5 min of 
rest for 24 h. 
Supplementary Fig. 2. Pulse voltage of 10 V for 24 h stimulation modestly induced 
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